Abstract (200)3 0 3 1
oversensitive (e.g. Shadara) or more tolerant (e.g. Landsberg erecta) to -P compared visible at the morphological level (Kellermeier et al., 2014) . Perhaps the most inhibition in response to -P has been proposed to be the result of Fe "toxicity" (Ward Arabidopsis (Col-0) primary root growth under -P is due to a presumed shown to be involved in this process, likely by promoting Fe accumulation in the root To determine the genomic loci that control RGR in response to mineral nutrient RGR from each nutrient deficiency condition divided by the RGR from the control nucleotide polymorphism (SNP) markers was evaluated using a linear mixed model conditions (Reymond et al., 2006; Svistoonoff et al., 2007; Shahzad et al., 2018) ,
which was also observed in our study. This response in Shadara was used to 4 0 1 generate a RIL population (using Bay-0 displaying long root under -P compared to root growth responses to -P compared to Col-0, Shadara remains little used to study 4 0 5
responses to -P. In our study, we examined the RGR in the early stages of plant 4 0 6 development in response to -P, and thereby revealed that many accessions sense 4 0 7
and respond to depletion of P in the medium by stimulating RGR. As these responses 4 0 8
were observed early on during plant development, when P levels in the seedlings will 4 0 9
not be significantly depleted, our result suggests the existence of mechanisms that 4 1 0 perceive changes in P and contribute to early RGR modulation by -P. These 4 1 1 mechanisms remain to be discovered, but once discovered, might be exploited to 4 1 2 design strategies to improve root growth under -P. conditions. However, the extent of this reduction varied between -Fe and -Zn with -
Fe causing more reduction in general. Interestingly, when each of those single 4 1 7
deficiency conditions was combined with -P, we observed an increase of RGR for the root growth responses between the macronutrient P and micronutrients Fe and
Zn. In line with our result, Rai et al., (2015) showed that the primary root length was exhibited a reduction of RGR by -P-Fe compared to -P alone. This result suggests 4 3 7
that the availability of Fe in the medium is not the sole determinant that control RGR 4 3 8
under -P condition. Identification of mechanism(s) that control root growth under 4 3 9
simultaneous -P-Fe deficiency deserves further research. in Arabidopsis in response to abiotic (drought) or biotic (fungal pathogen) stresses, among the GWAS candidate genes on RGR under -P (p= 8.18*10 -5 ), -P-Fe (p= ). The lpr1 mutant under -P is characterized by not only its longer primary root, but also its lower Fe content stresses compared to -P alone (Ward et al., 2008) .
Beyond the root growth related genes, our GWAS identified many new 4 8 7
candidate genes that were previously unknown to regulate RGR under single or Misson, J., Thibaud, M.-C., Bechtold, N., Raghothama, K., and Nussaume, L. (2004) . analysis. S.Y.R. and H.R. conceived data analysis scheme, analyzed the data, and
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Supplemental Table 1 . Primary root length and root growth rate (RGR) of 227
natural accessions of Arabidopsis thaliana grown on control condition (Ct), deficiency 8 2 1
of phosphorus (-P), iron (-Fe), zinc (-Zn), phosphorus and iron (-P-Fe), or 8 2 2
phosphorus and zinc (-P-Zn). Measurements were done on 3, 4 and 5 days-old 8 2 3
seedlings. Supplemental Table 2 . Normalized root growth rate (RGR) of the 227 natural 8 2 7
Arabidopsis thaliana accessions. Values were obtained by diving the RGR presented 8 2 8
in Supplemental Table 2 for each of the nutrient-deficient conditions with the RGR 8 2 9
under control condition (Ct). Supplemental Table 3 . Heritability estimates for the root growth rate (RGR) and the 8 3 2
normalized RGR using estimates from the linear mixed model. Supplemental window around significant SNPs for the GWAS of normalized root growth rate (RGR)
under nutrient-deficient conditions. The threshold used to declare these SNPs 8 3 7
significant is Bonferroni.
growth rate (RGR) of phosphorus and iron deficiency (-P-Fe) normalized on iron Supplemental Table 7 . List of candidate genes found in the GWAS analyses 8 4 8
(threshold of p=10 -4 ) of root growth rate (RGR) of phosphorus and iron deficiency (-P-
Fe) normalized on iron deficiency (-Fe) and phosphorus and zinc deficiency (-P-Zn)
normalized on zinc deficiency (-Zn) . Supplemental Table 8 . List of 31 SNPs that are found in the GWAS analyses on iron deficiency (-Fe) and phosphorus and zinc deficiency (-P-Zn) normalized on
zinc deficiency (-Zn). Supplemental Table 9 . List of 10 genes that are found in both, the analyses of RGR of phosphorus and iron deficiency (-P-Fe) normalized on iron deficiency (-Fe) and 8 5 9
phosphorus and zinc deficiency (-P-Zn) normalized on zinc deficiency (-Zn) at a less Supplemental Table 10 . List of genes forming the modules identified through the 8 6 3
analyses of GWAS candidate genes for ∆ RGR (-P-Fe, -Fe) and for ∆ RGR (-P-Zn, -Zn) traits 8 6 4
using the publicly available resources, AraNet. grown on vertical agar plates containing different media, including control (Ct),
deficiency of phosphorus (-P), iron (-Fe), zinc (-Zn), phosphorus and iron (-P-Fe), or as ∆ RGR (-P-Fe, -Fe) = RGR (-P-Fe/Ct) -RGR (-Fe/Ct) , and for -P-Zn and -Zn ∆ RGR (-P-Zn, -Zn) = a gene connected with one another, which form a molecular pathway, using a 8 8 5
machine learning algorithms to infer co-functional links from genomics data, AraNet 8 8 6
( Lee et al., 2015) . −Fe/Ct 
